Abstract-Liquefied noble gas (LNG) detectors have already been successfully employed in areas of fundamental particle physics research due to features such as their high energy resolution, fast response times, excellent discrimination between neutron and gamma-ray interactions, and relatively low cost. Such detectors are also attractive for nonintrusive inspection for the presence of special nuclear material (SNM) in large-scale objects such as cargo containers and trucks. An effective method of interrogation involves pulsing the object being interrogated with neutrons, which induces fission in the SNM. The fission reaction promptly releases gamma rays and neutrons. This reaction can be distinguished from background through the coincidence measurement of these particles striking multiple detectors. Rapiscan Laboratories, Yale University Physics Department, and Adelphi Technology have constructed two 18-L liquid argon prototype detectors to investigate the suitability of LNG detectors in performing this form of interrogation. The pulse shape, energy resolution, time resolution, detector efficiency, and the effects of doping with xenon were measured.
M
UCH of global trade is conducted through the movement of cargo containers. A significant percentage of these containers are not scanned for special nuclear materials (SNMs) such as U, U, and Pu, which creates a vulnerability to nuclear attack. Many passive and active radiological interrogation techniques are currently being explored to close this gap. An effective method of interrogation involves pulsing the subject with neutrons to induce fission in the SNM, which promptly releases gamma rays and neutrons. See Fig. 1 . These fission reactions are distinguished from background by coincidence counting of the gamma rays, seven of which are released on average [1] . In addition, three-dimensional imaging can be accomplished by using an associated particle neutron generator, which provides neutrons with known trajectories, and by accurately measuring the time of flight of the source neutrons to the location of the threat. To attain sufficient efficiency for coincidence measurements, large detector areas and volumes are required. Common solid scintillators such as NaI are expensive for such purposes. Less expensive plastic scintillators have less detection efficiency and poor energy resolution (which makes separating signal from background more difficult) and lack the ability to distinguish between photon and neutron interactions. These problems motivate the search for other suitable detector materials. In addition to being relatively inexpensive, liquid argon (LAr) detectors have good energy resolution, fast response times, excellent discrimination between neutron and gamma-ray interactions, and great scalability to very large volumes. These detectors can also be doped with a small quantity of xenon to improve their timing properties and energy resolution [2] . Over the past several decades, these detectors have matured rapidly and have now been employed successfully in several areas of fundamental particle physics research such as the search for dark matter [3] - [7] , neutrinoless 0018-9499/$31.00 © 2013 IEEE double-beta decay [8] , and lepton-flavor violating decays [9] . Large-scale LAr neutrino detectors up to several hundred tons in size are also being constructed [10] , [11] .
This paper describes the construction and performance characterization of two 18-L prototype LAr detectors by Adelphi Technology, Rapiscan Laboratories, and Yale University. A separate document describes the performance of a system of mutiple xenon-doped LAr detectors in detecting highly enriched uranium in cargo containers as determined with Monte Carlo N-Particle (MCNPX 2.7) simulations [12] .
II. HARDWARE AND ASSEMBLY
A. Detector Fig. 2 shows an exploded view of the detector. Fig. 3 shows a photograph of an assembled detector. A 20.2-cm (8-in)-diameter Hamamatsu R5912 photomultiplier tube (PMT) views the cylindrical active volume of 20.1 cm (7.9-inch) diameter and 30.0 cm (11.8-in) length. This 9.5-L active volume is defined by an aluminum cylinder with a mirror-like finish, capped with a clear acrylic window in front of the PMT and a mirror on the opposite end. All inner surfaces of the active volume are coated with 0.22 mg/cm of the tetraphenyl-butadiene (TPB) wavelength shifting material, which absorbs the undetectable 128-nm LAr scintillation and emits nm photons, which can be seen by the PMT.
B. Cryostat
Each cryostat consists of a custom 86.4-cm (34-in)-long, 35.6-cm (14-in)-diameter outer can with a 16.5-in Conflat flange (Fig. 4 ) that provides the vacuum insulation for an 83.4-cm (26-in)-long, 25.4-cm (10-in)-diameter inner can with 12-in Conflat flange (Fig. 5) , which holds the LAr and detector. The inner can is decoupled from the outer can by 12 1/4-in-thick plates of Garolite. Welded onto the outside of the inner can wall are nine loops of 0.3-in stainless steel tubing that carry the liquid nitrogen for cooling the detector. The loop is connected to the outside by a dual-port liquid nitrogen feedthrough on the outer can lid. A liquid nitrogen tank is connected to one port by a well-insulated hose. The other port for the exiting nitrogen is connected to an Omega FMA5543 mass flow controller by a piece of 12-m (40-ft)-long, 1/4-in-diameter copper tubing. The mass flow controller regulates the cooling by controlling the flow of the nitrogen gas. The copper tubing brings the nitrogen gas back to room temperature to prevent potentially damaging condensation from forming on the mass flow controller. A second dual-port feedthrough located at the top of the outside manifold structure feeds the argon and xenon into the inner can. The inner and outer cans each have a dual-port SHV high-voltage feedthrough for carrying the PMT high voltage and signal. The outer can lid also contains a DB25 port for the thermometers and capacitive level sensors and a port for attaching the turbomolecular pump. Both the inner and outer cans have bursting discs that rupture at 4 bar to prevent implosion of the PMT. Several ounces of activated carbon in a porous pouch is attached to the inner can lid to help maintain insulating vacuum. Covering most of the outer surface of the inner can is a 10-layer aluminized mylar blanket to greatly reduce the heat load from blackbody radiation.
C. Gas System
A high-purity gas system (see Fig. 6 ) was assembled to administer the argon and xenon gases into the detectors in a controlled manner. The gas panel has several key components: a high-purity MKS 1579A mass flow controller for measuring and controlling the flow of gas, an SAES PS4 heated-getter gas purifier that reduces scintillation-quenching impurities such as oxygen and water to less than 1 ppb, and many Swagelok bellows-sealed valves. Attached to the side of the gas panel is a 33-cm (13-in)-long, 8-in Conflat nipple that serves as a temporary chamber for holding xenon gas to be bled into the argon stream during the doping process. A Swagelok PTU pressure gauge is attached to the xenon detector to provide a measure of the amount of xenon in the can. The research-grade argon from Praxair was held in 12 50-L cylinders that are connected to the gas panel. The tubes on the panel and between the panel and gas bottles are 1/4-in stainless steel tubing from Swagelok with Swagelok VCR glands welded on. All tubes were flushed with pure ethanol, and the welds were cleaned in an ultrasonic bath of ethanol for 15 min. All connections were made while wearing cleanroom quality gloves. Before use, the entire gas system was leak-checked and then pumped out for roughly 5 days while being heated at 70 .
D. Detector Control and Monitoring System
All detector monitoring hardware is connected to a local area network, either directly or indirectly through intermediate devices such as serial-to-Ethernet or analog input/output-to-Ethernet adapters. The entire system is protected against electrical blackouts lasting up to an hour and a half by an uninterruptible power supply. The outer vacuum space is monitored by an Instrutech IGM402 ionization gauge and an Instrutech convection gauge. The argon gas pressure of the inner volume of each detector is monitored by two high-purity Swagelok PTU transducers. Each inner can has six silicon diode thermometers that are read out by a Cryocon 18. At the typical nitrogen flow rate of 28 L of gas per minute, a 265-L dewar of liquid nitrogen provides up to 4 days of cooling. The temperature of the LAr was 85 K, and the root-mean-square deviation was typically less than 0.1 K. 
E. Detector Integration
Special attention was paid to ensure the cleanliness of all parts that come in direct contact with LAr. The inner cans were professionally cleaned in an ultrasonic cleaner containing hot water and detergent and rinsed off with pure water. All detector parts were cleaned in pure ethanol at 60 in an ultrasonic cleaner. To minimize contamination, clean-room-quality gloves, face masks, hairnets, and forearm sleeves were worn during assembly. The parts coated with the wavelength shifter were cleaned before deposition. To prevent degradation of the wavelength shifter, the coated parts were also placed in a dark airtight container with desiccant before use.
Before filling with argon, the detector was temporarily connected to the gas system via a flexible hose and baked at 50 while being evacuated with a turbo pump for two days. Then, the inner vessel was cleaned by filling with argon gas and then pumping it away after several minutes. This process was performed four times. After cooling down to 90 K, the detector was filled with argon at a rate of 10 L of gas per minute. One detector was filled with only argon, while the second detector was doped with 2600 ppm of xenon (0.36 kg). We refer to these detectors as the LAr and LAr(Xe) detectors, respectively. The xenon doping was performed by first filling the detector halfway with LAr. Then, the intermediate chamber was filled with several bars of xenon, which was then bled at 1 L/min into a 20-L/min argon stream that liquefied in the detector volume. This filling and dumping of the xenon from the intermediate chamber was repeated several times until the desired xenon concentration was achieved. Mixing the xenon with a high concentration of argon in the gas phase is necessary in order to minimize the amount of xenon freezing at the feedthrough (as xenon freezes at 165 K at 1 bar). Each detector was filled with 18 L of liquid. The filled detector was disconnected from the gas system and moved into position such that the two detectors are placed end to end (as Fig. 7 . Detector setup. The detectors are positioned end to end with the radioactive source placed in the middle. Fig. 8 . Average keV gamma ray from background pulses before and after doping with 2600 ppm xenon. Upon doping, the lifetime of the slow component shortens from 1.6 s to 100 ns.
shown in Fig. 7) . The radioactive sources are always placed between the two ends where it is roughly 10 cm away from bottom edge of the both active volumes.
III. RESULTS

A. Pulse Shape
With the LAr detector completely filled with argon and the LAr(Xe) detector half full but not yet doped with xenon, waveforms were recorded with an Agilent DSO7054B oscilloscope and averaged in software. An exponential function was fit to the delayed tail of the keV (background) averaged pulses from background giving decay times of 1.5 and 1.6 s for LAr and LAr(Xe) (before doping) detectors, respectively. The slow component decay times match values measured by others, indicating that our detector is not affected much, if at all, by scintillation quenching impurities [13] - [15] .
As previously stated, the LAr(Xe) detector was doped with xenon through several doping cycles. During this process, scintillation waveforms were recorded with the Agilent oscilloscope. Fig. 8 shows the average keV pulse waveforms before and after doping. The 100-ns decay time value from the single exponential function fit to the tail of the 2600-ppm pulse is close to the 90-ns value measured by Kubota who fit to a double exponential function [16] . (There is a ringing in the PMT signal immediately following the initial pulse peak between 50 and 200 ns, which makes it difficult to fit a double exponential function. The ringing may be due to induction on unshielded portions of the signal line.) Fig. 9 shows the pulse shape quantity, , which is the fraction of the total light signal that is in the first 100 ns of the average pulses, as a function time. The increases as expected as the addition of xenon draws the light to the front of the pulse [16] .
B. Energy Resolution
The energy resolution was measured at 122, 511, and 662 keV with Co, Na, and Cs sources, respectively. In addition to taking data with the various radioactive sources, data was also taken without the sources in order to measure the background spectrum. Each PMT signal is fed into a preamplifier and then into a Canberra DSA-1000 multichannel analyzer. The resolution values are obtained by fitting a Gaussian function to the peak of the background-subtracted energy spectrum. (In some cases, only the higher energy shoulder could be used in the fit.) The resolution is defined as the full width at half maximum (FWHM) divided by the mean. The energy resolutions at 122, 511, and 662 keV are 136%, 40%, and 30%, respectively for the LAr detector and 41%, 23%, and 20%, respectively, for the LAr(Xe) detector. Fig. 10 shows the background-subtracted energy spectra of the gamma rays from the Cs source for both detectors. The improvement in resolution is due to the ability to integrate over the entire pulse. Without xenon doping, only a narrow prompt section of the pulse can be integrated over, so fluctuations between the proportion of prompt and delayed photons contribute to the energy smearing. A smaller detector with two Hamamatsu R5912-02 PMTs and a 3.1-L active volume (20 cm diameter and 10 cm length) produced previously by the Yale group also investigated the effects of xenon doping, yielding resolution values of 12% and 7% at 662 keV for pure argon and argon doped to 2000 ppm of xenon, respectively [17] . The xenon-doped values are close to values seen in sodium iodide [18] . The resolution values seen in this smaller detector are better due to the larger PMT coverage by virtue of using two PMTs. The energy resolution may also be poorer in our detectors due to nonuniformities in the coating of the wavelength shifter. In general, self-absorption of scintillation by impurities can degrade the energy resolution, but this effect is unlikely in our case as the measurement of the long component decay time indicates very high purity.
C. Coincidence Detection
One of the primary objectives of the experiment was to demonstrate the principle behind SNM detection via detection of coincidence gamma rays [19] . For this, a Na source was used as it emits positrons that quickly annihilate with an electron to emit two 511-keV gammas in opposite directions. This measurement was accomplished by splitting one of the detector signals into an energy branch and a timing branch. The timing branch is used to generate a coincidence gate with the second detector. The energy branch is then recorded with the coincidence gate (for the coincidence spectrum) or independently (for the singles spectrum). Fig. 11 shows the energy histogram under both triggering schemes. As expected, the background is lower in the case requiring coincidence pulses. The remaining background events are due to random coincidences, gamma rays that interact with both detectors, and noise.
D. Timing Resolution
To estimate the timing resolution of the LAr and LAr(Xe) detectors, a coincidence time spectrum was measured using a Na source. The width of this time spectrum (FWHM) indicates the overall timing uncertainty of the system. The detector pulses from the 511-keV gammas of Na are fed into a set of timing filter amplifiers to shape the pulses before entering a constant fraction discriminator (CFD). The CFD yields logic pulses in accordance with the time of arrival of the pulse, but independent of its amplitude. One of the detector signals is used to signal the start of a time-to-amplitude converter (TAC), while the other detector signals the stop. The latter signal is delayed by a constant amount so that the stop signal always follows the start signal. Fig. 11 . Energy spectrums of Na for the LAr(Xe) detector with singles and coincidence triggering. Demanding that a pulse is seen in both detectors simultaneously reduces the background and improves the resolution.
The TAC yields an output pulse whose height is proportional to the time difference between the start and stop signals it receives. The measurement yielded an FWHM of 3.3 ns, implying that the system is capable of resolving coincidence events to ns.
E. Detector Efficiency
The intrinsic efficiency of each detector was measured using a 0.49-microcurie Cs source that was calibrated to . The total intrinsic efficiency is defined as the total number of gammas detected divided by the number of gammas incident upon the detector volume. The intrinsic peak efficiency is the number of gammas detected in the photopeak divided by the total number of gammas incident upon the detector. The total and peak efficiencies of the LAr detector are 33.7% and 3.7%, respectively. The total and peak efficiencies of the LAr(Xe) detector are 35% and 4.5%, respectively. These agree with calculated values.
IV. CONCLUSION
Two full-size LAr detectors were successfully constructed, operated, and characterized. Xenon doping was also successfully performed and found to improve the energy resolution and timing characteristics of the scintillation pulse shape, showing that detectors with the enhanced properties of LXe could be achieved at the low cost of LAr detectors. The principle of detecting coincident gamma rays, which is essential for SNM detection via prompt fission gamma rays, was also demonstrated. The observed energy resolution was lower than what is attainable, but this result was expected due to the lower PMT coverage. Nonetheless, additional work will need to be done to fully understand the various components that contribute to the energy smearing. Simulation studies of SNM detection performance (described in a separate paper) were performed using the resolution values as measured with the Yale detector and were shown to give reasonable detection times (less than a minute) for a 2-kg sphere of enriched uranium in a -m container of wood or iron [12] .
